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Background

The olfactory structure is recognized as one of the earliest
locations where Lewy body pathology develops in the

Abstract

Objective: To investigate structural and functional connectivity changes in
brain olfactory-related structures in a longitudinal prospective cohort of isolated
REM sleep behavior disorder (iRBD) and their clinical correlations, longitudinal
evolution, and predictive values for phenoconversion to overt synucleinopa-
thies, especially Lewy body diseases. Methods: The cohort included
polysomnography-confirmed iRBD patients and controls. Participants under-
went baseline assessments including olfactory tests, neuropsychological evalua-
tions, the Movement Disorders Society—Unified Parkinson’s Disease Rating
Scale, 3T brain MRI, and '*F-FP-CIT PET scans. Voxel-based morphometry
(VBM) was performed to identify regions of atrophy in iRBD, and volumes of
relevant olfactory-related regions of interest (ROI) were estimated. Subgroups
of patients underwent repeated volumetric MRI and resting-state functional
MRI (fMRI) scans after four years. Results: A total of 51 iRBD patients were
included, with 20 of them converting to synucleinopathy (mean time to conver-
sion 3.08 years). Baseline VBM analysis revealed atrophy in the right olfactory
cortex and gyrus rectus in iRBD. Subsequent ROI comparisons with controls
showed atrophy in the amygdala. These olfactory-related atrophies tended to be
associated with worse depression, anxiety, and urinary problems in iRBD.
Amygdala '®F-FP-CIT uptake tended to be reduced in iRBD patients with
hyposmia (nonsignificant after multiple comparison correction) and correlated
with urinary problems. Resting-state fMRI of 23 patients and 32 controls
revealed multiple clusters with aberrant olfactory-related functional connectiv-
ity. Hypoconnectivity between the putamen and olfactory cortex was associated
with mild parkinsonian signs in iRBD. Longitudinal analysis of volumetric vol-
umetric MRI in 22 iRBD patients demonstrated four-year progression of
olfactory-related atrophy. Cox regression analysis revealed that this atrophy sig-
nificantly predicted phenoconversion. Interpretation: Progressive atrophy of
central olfactory structures may be a potential indicator of Lewy body disease
progression in iRBD.

brain. According to the Braak staging system, Lewy
pathology is first observed in the olfactory bulb and dor-
sal motor nucleus of the vagus nerve, followed by the
amygdala and pons, before affecting the dopaminergic
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neurons of the substantia nigra.' This corresponds to the
clinical observation that olfactory dysfunction is com-
monly observed in the two Lewy body diseases (LBDs),
that is, Parkinson’s disease (PD) and dementia with Lewy
bodies (DLB).>* Clinically, olfactory dysfunction is pre-
sent in 80%-90% of the patients at the time of PD
diagnosis.” Postmortem studies in PD have revealed
extensive Lewy pathology throughout the olfactory sys-
tem, including the amygdala, olfactory tubercle, anterior
olfactory nucleus, piriform, and entorhinal cortices.”®

Olfactory dysfunction manifests several years before the
onset of motor parkinsonism”® which may represent an
early pathophysiological process in the preclinical stages of
LBDs. In isolated rapid eye movement (REM) sleep behav-
ior disorder (iRBD), a strong prodromal marker of pD,> M
olfactory impairment is associated with an increased risk of
phenoconversion within a few years.”'> Microstructural
alterations in brain olfactory-related structures have been
observed in diffusion tensor imaging (DTI) studies of iRBD
patients.”> Notably, experimental studies in rodent models
have also indicated that the olfactory bulb and related
structures could be possible sites for the induction of brain
Lewy pathology.'*'® Injecting o-synuclein preformed
fibrils into olfactory bulbs of wild-type mice results in
sequential progression of Lewy-like pathology through the
olfactory network, accompanied by clinical hyposmia.'*"”
Based on these findings, we hypothesized that structural
alterations and functional connectivity changes in
olfactory-related brain regions may exist and progress in
iRBD, and that they are associated with prodromal parkin-
sonian signs and an increased risk of phenoconversion.

To investigate this hypothesis, we enrolled patients with
iRBD and conducted baseline assessments of prodromal
parkinsonian symptoms, olfactory function, and cogni-
tion. Additionally, we performed volumetric, dopaminer-
gic, and resting-state functional imaging studies. The
patients were prospectively followed to monitor pheno-
conversion. Subgroups of patients underwent repeated
structural and resting-state functional MRI (fMRI) at 4-
year follow-up visits. We assessed the predictive value of
baseline atrophy in olfactory-related structures for pheno-
conversion in iRBD patients and examined the potential
longitudinal progression of this atrophy.

Methods

Study participants

We consecutively recruited a prospective cohort of iRBD
patients aged 50 to 80 from the movement disorders
clinic of Seoul National University Boramae Medical Cen-
ter (SNUBMC) between 2013 and 2015, as previously
described."® A second cohort of iRBD patients who met
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the same criteria and were recruited since 2017 was also
included. The diagnosis of iRBD was based on the Inter-
national Classification of Sleep Disorders, second Edition,
and confirmed through video polysomnography.

None of the patients exhibited parkinsonism or dementia
at the time of enrollment. Patients presenting any additional
core clinical feature suggestive of DLB, other than RBD, were
excluded.'” Patients with depression or other psychiatric dis-
orders, severe obstructive sleep apnea (OSA), or any struc-
tural or vascular brain damage, including moderate to severe
small vessel disease, were also excluded. However, mild and/
or treated OSA was not considered an exclusion criterion if
iRBD was confirmed in video polysomnography.

Patients underwent baseline clinical evaluations, 3T vol-
umetric MRI, and '®F-FP-CIT positron emission tomog-
raphy (PET) scans upon enrollment. For patients enrolled
between 2013 and 2015, a repeat 3T volumetric MRI was
conducted 4 years after enrollment for those who pro-
vided their consent. Resting-state fMRI scans were
acquired at both enrollment and the 4-year follow-up
period with additional consent. Healthy control data from
our center, including 3T volumetric MRI, '®F-FP-CIT
PET, and resting-state fMRI scans, were utilized for com-

parison as previously described.””*’

Baseline clinical evaluation

In patients with iRBD, prodromal motor and nonmotor
symptoms were assessed at enrollment using the Move-
ment Disorders Society Revised—Unified Parkinson’s Dis-
ease Rating Scale (MDS-UPDRS). Mild parkinsonian
signs (MPS) were defined as a motor score on the MDS-
UPDRS > 6, excluding action and postural tremor.”***’
Olfactory function was evaluated using either the Butanol
Threshold Test (BTT) or the Korean Version of Sniffin’
Sticks (KVSS) test (YOF test, Kimex Co., Suwon, Korea),
which assesses olfactory threshold, discrimination, and
identification using eight universal and four Korean
culture-friendly odorants.”* Hyposmia or anosmia was
defined as a BTT score below 6 or a total KVSS score
below 22. Cognition was assessed through a comprehen-
sive neuropsychological test, as previously described,*
and the results were presented as z-scores adjusted for age
and years of education. Mild cognitive impairment (MCI)
was defined according to level II of the MDS criteria.*

Image acquisition and preprocessing
MRI acquisition and volumetric analysis

Participants underwent 3T MRI scan (Achieva, Philips
Medical Systems, Best, The Netherlands) as previously
described.”® The volumetric T1 images were obtained
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using the following acquisition parameters: a repetition
time (TR) of 9.9 ms and an echo time (TE) of 4.6 ms,
with a flip angle of 8.0°. The images had a slice thickness
of 1 mm and an image matrix size of 224 x 224 x 180.
The voxel size was 0.98 x 0.98 x 1 mm’. VBM was per-
formed using CAT12 toolbox in SPM12 (http://www.fil.
ion.ucl.ac.uk/spm/software/spm12). The detailed protocol
is provided in the Supporting Information. ROI volumes
for amygdala, olfactory cortex, gyrus rectus, putamen,
caudate, and pallidum were extracted using the Auto-
mated Anatomical Labelling (AAL) template.””*®

Functional connectivity

Resting-state fMRI scans were obtained using a T2%*-
weighted echo-planar image (EPI) sequence (180 volumes,
TR = 2700 ms, TE = 35 ms, voxel size = 1.53 x 1.53 X
4 mm, field of view (FOV) = 220 x 220 mm, 35 slices,
flip angle = 90°, and slice thickness = 4 mm). Partici-
pants were instructed to rest with eyes open during the
scan. The data were analyzed using DPARSF (http://www.
restfmri.net/forum/dparsf) based on MATLAB. The
detailed protocol is provided in the Supporting Informa-
tion. The olfactory cortex, gyrus rectus, and amygdala
based on the AAL template were defined as seed ROIs.
The correlation coefficients were converted to z values
using Fisher’s r-to-z transformation.

Statistical analysis of image data

To evaluate differences between the iRBD and controls in
GM volume, two-sample ¢-test with age and total intra-
cranial volume as nuisance covariates was performed.
Permutation-based inferences (5000 permutations) with
threshold-free cluster enhancement (TFCE) was used to
correct for multiple comparisons, providing strict control
while improving replicability. A p < 0.01 threshold was
considered significant. For seed-based functional connec-
tivity analysis, two-sample t-test was performed to evalu-
ate differences between iRBD and controls, with age as
nuisance covariate. Significant differences in functional
connectivity were reported using criteria of Gaussian ran-
dom field (GRF) theory correction for multiple compari-
sons (two-tailed, voxel-level p value < 0.01, cluster-level p
value < 0.05). For exploratory analysis of baseline and
longitudinal fMRI scans in the subgroup with follow-up
fMRI scans, the criteria of voxel-level p value < 0.05 and
cluster-level p value < 0.05 were applied.

8E_FP-CIT PET analysis

A 10-min emission PET scan was performed 2 h after
"E-FP-CIT (185 MBq) intravenous injection (Philips
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Gemini TF-64 PET/CT scanner, Philips Healthcare, Best,
the Netherlands) as previously described.'®*® ROIs of
bilateral amygdala, caudate nuclei, anterior and posterior
putamen, and cerebellum (reference region) were auto-
matically delineated with FSL version 5.0.2.

Follow-up and phenoconversion to overt
synucleinopathy

Patients with iRBD were regularly followed up in-person
by a movement disorders specialist (J-Y Lee) every 3—
4 months to monitor phenoconversion. Parkinsonism was
defined as presence of bradykinesia plus either rigidity or
rest tremor. PD diagnosis was made with the MDS clini-
cal diagnostic criteria for PD.* All multiple system atro-
phy (MSA) converters met the 2008 criteria for probable
MSA. DLB diagnosis was based on the 2017 consensus
criteria.'” Those who developed cognitive decline con-
firmed on follow-up neuropsychological testing, along
with any additional core features of DLB such as cogni-
tive fluctuations or vivid spontaneous visual hallucina-
tions, were also defined as DLB converters even if there
was no overt impairment in activities of daily living
(ADL). All iRBD patients who developed PD, DLB, or
MSA during follow-up were classified as phenoconverters
in the statistical analysis.

Statistical analysis

Data are presented as mean (standard deviation; SD)
unless otherwise specified. The average volume and stan-
dardized uptake value ratio (SUVR) of each ROI in the
bilateral hemispheres are presented. Shapiro—Wilk test
was used to assess the normality of the data. For compar-
isons between two independent groups, the independent
t-test or Mann—Whitney test was employed. Analysis of
covariance (ANCOVA) was used for comparisons involv-
ing two or more groups while controlling for age and sex.
Fisher’s exact test or chi-square test was used for categori-
cal variables. The Jonckheere-Terpstra test was employed
to examine for any increasing or decreasing trend of
imaging variables with respect to the severity of nonmo-
tor symptom categories evaluated by the MDS-UPDRS-I
ordinal scale. To assess the correlation between continu-
ous variables, Pearson’s partial correlation analysis was
conducted controlling for age and sex. Time-dependent
changes in ROI volumes within subgroups were compared
with repeated measures ANOVA (RM-ANOVA), with
phenoconversion or baseline olfactory status as between-
subject factors and time as the within-subject factor.
Kaplan—Meier plots were utilized to display the cumula-
tive event-free survival, with censoring time defined as the
time until phenoconversion for converters and the time
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until last in-person assessment for nonconverters. The log-
rank test was employed to compare the Kaplan—Meier plots
between subgroups. Cox proportional hazards analysis was
performed to calculate hazard ratios (HR) for each clinical,
radiological, and '"*F-FP-CIT PET variable, adjusting for
age and sex. Continuous variables in the radiological and
'"8E-FP-CIT PET data were categorized into binary variables
using a cutoff point determined as [(mean value of healthy
controls) — (1 or 2SD)].

Statistical analyses were conducted using SPSS 23.0
(SPSS Inc, Chicago IL) and R software, version 3.6.0. (R
project for Statistical Computing) with a significance level
set at 0.05. Multiple comparisons were adjusted with the
false discovery rate (FDR) method with a significance level
of 0.05 for FDR control,>® and Bonferroni correction was
used for the post hoc analysis of ANCOVA in three groups.

Results

Clinical characteristics of the participants

A total of 51 patients with iRBD were included in the study.
The clinical and demographic characteristics of the patients
are presented in Table 1. All patients underwent baseline 3T
volumetric MRI, and 48 also underwent ‘*F-FP-CIT PET
scans at enrollment. Baseline resting-state fMRI was per-
formed in 25 patients who provided additional consent for
the scan, and 23 were included in the analysis due to
motion artifact in the two excluded patients. No significant
demographic differences were observed between the iRBD
patients and healthy controls for '*F-FP-CIT PET (Table 2)
or resting-state fMRI (p > 0.05 for age and sex). In the sub-
sequent analyses, the difference in sex distribution between
the iRBD patients and controls for volumetric MRI was
controlled for.

After 4 years of enrollment, follow-up 3T volumetric
MRI was performed on 22 patients enrolled between 2013
and 2015. Seven patients were excluded from the follow-
up imaging due to reasons such as death, head trauma,
refusal of follow-up imaging, or loss to follow-up. Simi-
larly, among the 23 patients included in the baseline
resting-state fMRI analysis, 4-year follow-up fMRI scans
were obtained in 17 patients, and 16 were included in the
analysis excluding one with motion artifacts on the 4-year
scan (Fig. S1).

Baseline changes in olfactory-related
structures in iRBD

We initially conducted whole-brain VBM to identify areas
of atrophy in iRBD patients compared to controls. Subse-
quently, we estimated the volumes of associated ROIs
using an objective atlas.

Brain Olfactory-Related Atrophy and iRBD

Table 1. Baseline clinical characteristics of the study participants.

iRBD
n 51
Age, years 70.24 (5.985)
Sex, M/F 29/22
MDS-UPDRS-III score 7.245 (5.463)
MPS 20 (39.22%)
Hyposmia 31 (60.78%)

0.784 (0.945)
1.020 (1.029)

Constipation (max 47)
Urinary problems (max 4°)

Follow-up, years
Phenoconversion

Total converters

MMSE score 26.66 (2.925)

NPT, z-scores
DST 0.102 (0.886)
TMT.A —0.662 (2.643)
CWST —0.750 (1.212)
BNT —0.187 (1.183)
RCFT —1.433 (1.505)
SVLT.imm —0.306 (0.962)
SVLT.delayed -0.678 (1.128)
SVLT.recog —0.239 (1.142)
COWAT.s —0.291 (1.056)
COWAT.p —0.692 (0.857)
TMT.B —1.792 (3.043)

4.110 (2.339)

20 (39.22%)

PD 11 (21.57%)
DLB 7 (13.73%)
MSA 2 (3.92%)

Detailed information on the control groups, that is, controls for MRI
and PET, is provided in Table 2.

BNT, Boston Naming Test; COWAT, Controlled Oral Word Association
Test; CWST, Color Word Stroop Test; DLB, Dementia with Lewy Bod-
ies; DST, Digit Span Test; MMSE, Mini-Mental Status Examination;
MPS, mild parkinsonian sign; MSA, Multiple System Atrophy; NPT,
neuropsychological test; PD, Parkinson’s disease; RCFT, Rey Complex
Figure Test; SVLT, Seoul Verbal Learning Test; TMT, Trail Making test.
MDS-UPDRS item 1.11 score.

PMDS-UPDRS item 1.10 score.

Whole-brain VBM analysis at baseline

Significant differences in gray matter volume were found
between iRBD patients and healthy controls (Fig. 1 and
Table S1). Compared to controls, iRBD patients exhibited
reduced gray matter volume in the right olfactory cortex,
right gyrus rectus, and left postcentral gyrus.

Baseline olfactory-related ROI volumes,
dopaminergic denervation, and clinical
correlations

Based on the VBM findings of olfactory cortical and gyrus
rectus atrophy, we selected olfactory-related ROIs based
on the AAL atlas, including the olfactory cortex, gyrus
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Table 2. Comparison of baseline brain ROl volumes based on AAL
templates and '8F-FP-CIT SUVR of the iRBD patients and healthy
controls.

ROI volumes (cm?3)

FDR-adjusted

iRBD Control-MRI p value
n 51 39
Age 70.24 (5.985) 69.51 (5.124) 0.548
Sex, M/F 29/22 11/28 0.007
Olfactory cortex 1.020 (0.129) 1.085 (0.123) 0.001
Gyrus rectus 2.168 (0.253) 2.347 (0.301) < 0.001
Amygdala 1.110 (0.124) 1.155 (0.125) 0.001
Putamen 3.805 (0.391) 4.013 (0.463) 0.003
Caudate 2.792 (0.372) 2.891 (0.482) 0.244
Pallidum 0.462 (0.118) 0.479 (0.106) 0.263
8F-FP-CIT SUVR
FDR-adjusted
iRBD-DAT? Control-PET p value
n 48 19
Age 70.15 (6.035) 69.42 (4.706) 0.640
Sex, M/F 28/20 7112 0.112
Amygdala 0.831(0.235) 0.916(0.123) 0.180
Anterior putamen  4.792 (1.632) 5.783(0.864) 0.098
Posterior putamen  4.078 (1.634) 5.045 (0.834) 0.098
Caudate 3.706 (1.340) 4.389 (0.857) 0.180
Pallidum 2.163 (0.616) 2.575(0.467) 0.098

The analyses are controlled for age and sex, and FDR-adjusted p
values are provided for multiple comparisons of ROIs. Data are pre-
sented as mean (standard deviation; SD) unless otherwise specified.
FDR, false discovery rate; ROI, region of interest; SUVR, standardized
uptake value ratio.

“Represents the subgroup of patients with iRBD that underwent base-
line "8F-FP-CIT PET.

rectus, and amygdala, and estimated their volumes. The
volumes of these three ROIs were all significantly reduced
in the iRBD group compared to controls, controlling for
age and sex (prpr < 0.05, Table 2).

The trend of olfactory-related ROI volumes and amyg-
dala dopaminergic denervation was analyzed based on the
severity of nonmotor features at baseline (Fig. 2). The
volume of the rectal gyrus and the FP-CIT SUVR of the
amygdala significantly decreased with higher severity of
urinary problems (p for trend =0.024 and 0.004;
Pror < 0.05). Olfactory cortex volume showed a decreas-
ing trend with increasing anxiety and depression severity,
but lost statistical significance after multiple comparison
correction across ROIs (p for trend = 0.049 and 0.023;
prpr > 0.05).

Group comparisons between healthy controls and sub-
groups of iRBD patients stratified by MPS or olfactory
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dysfunction, controlling for age and sex, revealed consis-
tent reductions in the volumes of the amygdala, olfactory
cortex, and gyrus rectus in all iRBD subgroups
(Bonferroni-corrected p < 0.05, Fig. S2) compared to
controls. However, no significant differences were found
between iRBD patients with and without MPS or between
iRBD patients with and without olfactory dysfunction.
The amygdala '"*F-FP-CIT SUVR tended to be reduced in
iRBD patients with olfactory dysfunction compared to
controls (uncorrected p = 0.049), although this did not
reach statistical significance after multiple comparison
correction.

Clinical outcome of the cohort and survival
analysis

Out of the 51 patients with iRBD, a total of 20 individ-
uals (11 PD, 2 MSA, 7 DLB) converted to overt synuclei-
nopathy during a mean follow-up duration of 4.11 years
(SD 2.339). The average time to conversion from enroll-
ment was 3.08 years (SD 1.88, range 1-7.5 years). The
Kaplan—Meier curve of the entire cohort is shown in
Fig. 3A.

Kaplan—Meier curves stratified by baseline olfactory-
related ROI atrophy are shown in Fig. 3B-D. The cutoff
values were set 1 SD below the mean of healthy controls
(HC) for each ROI volume (HC—1SD). Subgroups of
iRBD patients with baseline atrophy in the gyrus rectus
(log-rank test, p = 9e—04) and amygdala (p = 0.03) had
significantly higher rates of phenoconversion than those
without baseline atrophy.

In Cox proportional hazards analyses, controlling for
age and sex, the presence of baseline olfactory-related
atrophy (below HC—1SD) in the olfactory cortex (HR
3.90, 95% CI 1.35-11.20), the gyrus rectus (HR 4.52, 95%
CI 1.69-12.11), and the amygdala (HR 4.12, 95% CI
1.33-12.80) significantly predicted phenoconversion, as
did baseline hyposmia and reduced putaminal '*F-FP-CIT
SUVR (Table S2). Additionally, in a combined Cox analy-
sis, olfactory cortical atrophy and hyposmia were inde-
pendently associated with an increased risk of
phenoconversion (Fig. S3).

Among the phenoconverters, there were no statistically
significant differences in baseline olfactory-related ROI
volumes or amygdala '"*F-FP-CIT SUVR between PD and
DLB phenoconverters.

Survival analysis excluding MSA converters

The clinical significance of olfactory dysfunction in MSA
remains controversial. According to the recently revised
MDS criteria, unexplained anosmia is an exclusion crite-
rion for clinically established and possible MSA.>' We
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Figure 1. Baseline voxel-based morphometry (VBM) results comparing 51 patients with iRBD and 39 healthy controls. VBM was performed using
the CAT12 toolbox in SPM12. The contrast map displays brain regions demonstrating significant changes in gray matter volume in patients with
iRBD compared to controls, including the postcentral gyrus, olfactory cortex, and gyrus rectus. A two-sample t-test was conducted, and
corrections for multiple comparisons were performed using permutation-based inferences (5000 permutations) with threshold-free cluster
enhancement (TFCE). The significance threshold was set at p < 0.01, family-wise error correction (FWE) corrected.

summarized the profiles of the two iRBD patients who
converted to MSA (refer to the Supporting Information)
and conducted additional survival analyses excluding
these MSA converters to evaluate the predictive power of
olfactory-related atrophy exclusively for LBDs.

The Kaplan—Meier curves of the cohort of 49 iRBD
patients, excluding the two MSA converters, are shown in
Fig. S4. Subgroups with baseline atrophy in the gyrus rec-
tus (log-rank test, p = 0.0013) and amygdala (p = 0.016)
still demonstrated significantly higher rates of phenocon-
version compared to those without baseline atrophy. The
predictive value of each olfactory-related ROI atrophy
remained significant (p < 0.05), with higher HR for each
ROI compared to the analysis that included MSA con-
verters (olfactory cortex HR 3.95, 95% CI 1.35-11.54;
gyrus rectus HR 4.79, 95% CI 1.72-13.33; amygdala HR
4.15, 95% CI 1.32-13.04; Table S3).

Four-year progression of olfactory-related
atrophy in patients with iRBD

Among the 22 iRBD patients who underwent repeated
volumetric MRI after 4 years, there was progressive atro-
phy observed in the olfactory cortex, gyrus rectus, and
amygdala (p < 0.001), with average volume reductions of
6.85%, 9.61%, and 5.67%, respectively (Fig. 4A-C).
Patients with baseline olfactory dysfunction showed
greater atrophy in amygdala compared to normosmic
patients (7.93% vs. 3.89%, time*group p = 0.014;
Fig. 4D). However, there were no significant differences

between the hyposmia/anosmia and normosmia groups in
the degree of volume reduction of the olfactory cortex or
gyrus rectus (Fig. 4EF).

Out of the 22 patients, nine developed overt synuclei-
nopathy, all of which were LBDs (3 PD, 6 DLB), with an
average time to conversion of 4.41 years (SD 2.02). The
converters showed a faster progression of amygdala atro-
phy compared to nonconverters (average volume reduc-
tion 8.31% vs. 4.03%, time*group p = 0.019; Fig. 4G).
The converters also demonstrated significant atrophy in
the gyrus rectus (group p = 0.015) and a trend of atrophy
in the olfactory cortex (group p = 0.065) compared to
the nonconverters, but the degree of atrophy progression
over the 4 years did not differ significantly between con-
verters and nonconverters in both areas (Fig. 4H,I).

Aberrant olfactory-related functional
connectivity and its longitudinal changes in
patients with iRBD

Baseline olfactory-related functional connectivity
networks in iRBD and their clinical correlations

A group comparison of seed-to-voxel resting-state fMRI
networks was conducted between iRBD and healthy con-
trols using bilateral olfactory-related seed ROIs (Fig. 5).
In the iRBD group, gray matter regions with reduced
connectivity with the right olfactory cortex included a
cluster involving the contralateral putamen and superior
orbitofrontal cortex, another cluster involving the

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 2197



Brain Olfactory-Related Atrophy and iRBD K. A. Woo et al.

a) 1.4 (B) 1.4 1
i p for trend = 0.049 i p for trend = 0.023
Pror > 0.05 pror > 0.05
o® o®
1.2 4 o®
° o,

Olfactory cortex ROl volume
Olfactory cortex ROl volume

°® °®

0.8 1 ° o 0.8 1 PY o®
[ J [ J
0 1 2 0 1 2

Anxiety score Depression score
(9] (D)
281 o °
® pfortrend = 0.024 p for trend = 0.004
pFDR = 0048 Y 1.51 pFDR = 0016

Rectal gyrus ROI volume
Amygdala FP-CIT uptake

16 - [ ] [ J

0 1 2 3 0 1 2 3
Urinary problem score Urinary problem score

Figure 2. (A—D) Trends in baseline volumes of olfactory-related regions of interest (ROls; A—C) and amygdala "8F-FP-CIT SUVR (D) based on
nonmotor symptom severity in patients with iRBD. To analyze these trends, a nonparametric Jonckheere-Terpstra test was employed. FDR-
adjusted p values for multiple comparisons are also provided. FDR, false discovery rate; ROI, region of interest.

contralateral middle cingulate cortex and paracentral =~ were detected in left precentral gyrus (Fig. 5B,C). Addi-
lobule, and a third cluster involving the ipsilateral supe- tionally, increased functional connectivity with the left
rior orbitofrontal cortex (Fig. 5A). Hypoconnectivities gyrus rectus was detected in the right middle occipital

with the left olfactory cortex and with left amygdala and temporal cortices (Fig. 5D). A detailed information
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Figure 3. Kaplan-Meier curves showing disease-free survival in patients with iRBD. (A) Cumulative survival plot of all 51 patients with iRBD. (B-D)
Comparison of disease-free survival stratified by the presence of baseline atrophy in the olfactory cortex (OLF; B), gyrus rectus (REC; C), and
amygdala (AMYG; D) using the log-rank test. The cutoff values for atrophy were set 1 standard deviation (SD) below the mean of healthy
controls (HCnean-1SD). Hazard ratios of phenoconversion for each ROl atrophy were calculated by Cox regression. Time presented as years. Cl,
confidence interval; HR, hazard ratio.
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Figure 4. Progression of olfactory-related brain atrophy over 4 years in patients with iRBD. (A-C) Progression of atrophy in the olfactory cortex,
gyrus rectus, and amygdala in 22 patients with iRBD who underwent repeated brain volumetric MRI after 4 years, and comparison of subgroups
stratified by (D-F) the presence of baseline olfactory dysfunction and (G-I) phenoconversion within the follow-up period. The atrophy of the
amygdala was significantly faster in the subgroups of iRBD patients with olfactory dysfunction (RBD-H/A) and phenoconverters. RBD-H/A, RBD-
hyposmia/anosmia; RBD-N, RBD-normosmia; ROI, region of interest.
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Figure 5. Patients with iRBD exhibit multiple gray matter clusters of aberrant olfactory-related functional connectivity networks. Contrast maps
display clusters demonstrating altered functional connectivity with the (A) right and (B) left olfactory cortex, (C) left amygdala, and (D) left gyrus
rectus in the iRBD group compared to healthy controls. Thresholds for significance were set at voxel-level p < 0.01 and cluster-level p < 0.05
(two-sample t-test, two-tailed), corrected for multiple comparisons using the Gaussian random field (GRF) theory correction criteria. The color bars
represent corresponding z-values. (E) Partial correlation analysis between subject-specific MPS scores and cluster-specific olfactory-related
functional connectivity z-values of the left putamen/superior orbitofrontal cortex (peak coordinates —24, 15, —9), right superior orbitofrontal
cortex (9, 21, 36), and left precentral gyrus (peak coordinates —24, —27, 54) clusters in the iRBD group, controlled for age and sex, and FDR-
adjusted for multiple comparison of clusters. AMYG, amygdala; FC, functional connectivity; FDR, false discovery rate; OLF, olfactory cortex; MPS,
mild parkinsonian signs; Precentral, precentral gyrus; Put, putamen; r/l, right/left; REC, gyrus rectus; SupOFC, superior orbitofrontal cortex; UPDRS,
(Movement Disorders Society—) Unified Parkinson’s Disease Rating Scale.

of each cluster, including the peak coordinates, is pro-
vided in Table S4.

An exploratory partial correlation analysis of the con-
nectivity z-values of each cluster revealed that patients’
MPS scores were negatively correlated with the connectiv-
ity of the right olfactory cortex with the contralateral
putamen (peak coordinates: —24 15 —9; Fig. 5E) and the
ipsilateral superior orbitofrontal cortex (peak coordinates:
21 36 9) clusters. Furthermore, the connectivity of the left
amygdala to the ipsilateral precentral gyrus cluster (peak
coordinates: —24 —27 54) was negatively correlated with
MPS scores. No clinical correlation was found in the clus-
ter with increased connectivity with the left gyrus rectus.

Four-year longitudinal changes in olfactory-
related functional connectivity

Among the 23 patients, 16 underwent repeated resting-
state fMRI after 4 years. Five of these patients developed
synucleinopathy, including one PD and four DLB, with
three of them (one PD and two DLB) converting within
the 4 years. These patients exhibited significant progres-
sion of atrophy in the olfactory cortex (mean volume
reduction 6.08%), gyrus rectus (9.38%), and amygdala
(5.42%) over the 4 years (p < 0.001).

In the exploratory comparison analysis of baseline
fMRI between these patients and controls (Fig. S5 and
Table S5), consistent trends of aberrant olfactory cortex-
and gyrus rectus-related functional connectivity in iRBD
were observed: Clusters with decreased connectivity to the
olfactory cortex were found across the middle cingulate
cortex, precentral gyrus, and paracentral lobule, and clus-
ters of increased gyrus rectus connectivity were found in
the superior frontal cortex and precuneus. However, in
relation to the amygdala, only one cluster with increased
connectivity between the right amygdala and cerebellum
was identified.

In the exploratory longitudinal comparison of baseline
and four-year fMRI pairs in these patients, multiple clus-
ters of increased olfactory cortical connectivity compared
to baseline were identified (Fig. S6 and Table S6). The

significant clusters involved the bilateral middle occipital/
temporal cortices, bilateral inferior frontal cortices, and
right thalamus for the right olfactory cortex as the seed.
For the left olfactory cortex as the seed, the clusters
included the cerebellum, right thalamus, right middle
temporal/occipital cortex, left paracentral lobule, and left
middle frontal cortex. Increased functional connectivity
with the right and left amygdala was detected in the left
lingual gyrus and right inferior frontal cortex, respec-
tively, while connectivity with the left gyrus rectus was
reduced in the left fusiform gyrus compared to baseline.

Discussion

In this prospective cohort of iRBD, significant atrophy
and functional connectivity changes were identified in
brain olfactory-related structures, particularly the olfac-
tory cortex, gyrus rectus, and amygdala. Using a longitu-
dinal dataset, we demonstrate that olfactory-related
atrophy progresses over time in iRBD, correlates with
prodromal parkinsonian nonmotor features, and is closely
associated with an increased risk of phenoconversion.
These findings suggest that atrophy of central olfactory
structures serves as a potential indicator of premotor
synucleinopathy, especially LBDs, in iRBD.

Our VBM findings of olfactory-related atrophy in iRBD
align with pathological reports in incidental LBD and PD.
An autopsy series of 10 PD, 7 iLBD, and 5 controls
revealed o-synuclein pathology across all subregions of
the primary olfactory cortex in the PD and iLBD cases.’
Harding et al.’ observed persistent neuronal loss and
Lewy body accumulation in the cortical nuclei of the
amygdala, a part of the primary olfactory cortex with
major olfactory connections, in postmortem PD cases.
While pathological evidence is lacking in iRBD, imaging
studies have detected relevant structural changes. A DTI
study of 12 iRBD patients and 12 controls demonstrated
fractional anisotropy increases in bilateral olfactory
regions of iRBD patients."” Additionally, the gyrus rectus
was reported to exhibit cortical thinning in 24 iRBD
patients compared to 42 controls.”> Our study, for the
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first time in a longitudinal cohort of iRBD, demonstrates
the progression of olfactory-related brain atrophy in pro-
dromal LBD and its clinical correlates.

Growing evidence suggests that Lewy pathology may
progress from the olfactory bulb to central olfactory
structures in the early stages. Anatomically, the axons of
mitral and tufted cells in the olfactory bulb form the
olfactory peduncle, which further constitutes the medial
and lateral olfactory striae.”> The striae extend to the
anterior olfactory nucleus and connect to various subre-
gions of the olfactory cortex, including the olfactory
tubercle, temporal piriform, and olfactory entorhinal cor-
tices, as well as the cortical nucleus of the amygdala and
the cortex—amygdala transition zone (CxA).”> The gyrus
rectus, separated from the orbitofrontal cortex by the
olfactory sulcus, also features strong connectivity with the
piriform cortex.”® Experimental studies that injected
human- and recombinant mouse-o-synuclein preformed
fibrils into olfactory bulbs of wild-type mice showed pat-
terns of initial propagation into the piriform and the
entorhinal cortices, the cortical amygdaloid nuclei, and
the basolateral amygdala within the first month.'*'” In
contrast, when pathologic o-synuclein preformed fibrils
were injected into the gut of mice, the olfactory system
was affected later than the substantia nigra.”> A pathologi-
cal study of 328 postmortem individuals found that o-
synucleinopathy in the olfactory bulb predicted the pres-
ence of brain LBDs, and the density of synucleinopathy in
the bulb most strongly correlated with that in the amyg-
dala compared to other regions such as the substantia
nigra or locus coeruleus.’® Our data demonstrate the pre-
dictive value of olfactory-related atrophy for future phe-
noconversion in iRBD patients who do not exhibit
parkinsonism or dementia at baseline. The results support
the hypothesis that Lewy pathology can propagate along
the olfactory pathway in early prodromal stages. This
might occur independently of gut-brain propagation,
which should be further investigated in subsequent
studies.

Anxiety and depression, preclinical markers of PD,>?”
tended to be associated with olfactory-related atrophy,
which is also supported by rodent model and human
imaging studies. Injection of a-syn preformed fibrils into
the olfactory bulbs of human o-syn transgenic mice
resulted in severe o-synuclein pathology accompanied by
atrophy along the olfactory pathway, the basolateral
amygdala (BLA), and later in the limbic system.'® Subse-
quent behavioral analyses revealed hyposmia followed by
anxiety-like behavior, suggesting a possible causal rela-
tionship between olfactory-related structural alteration
and anxiety in prodromal synucleinopathy.'® The preva-
lence of depression and anxiety ranges from 25.6% to
28.8%, and 17.7% to 22.6%, respectively, in the human

Brain Olfactory-Related Atrophy and iRBD

iRBD population,'® and probable RBD is associated with
greater depression in early PD.’® Volumetric analyses in
iRBD and PD reported associations between smaller
amygdala volume and greater anxiety.””** Depressed PD
patients also exhibit density alterations in the bilateral
gyrus rectus compared to nondepressed PD.*'

The amygdala’s involvement in RBD symptoms is also
worth considering. During REM dreaming, the limbic
and paralimbic areas are selectively activated, which is
thought to contribute to the emotional intensity and
social nature of dreams.*” Among these activated limbic
structures is the amygdala, which plays a role in mediat-
ing anxiety, a prevalent emotion in dreams.*’ Addition-
ally, the collaboration between the amygdala and the
hippocampus in storing emotional memories during
wakefulness suggests that the reactivation of these areas in
REM sleep may contribute to the retrieval of emotionally
salient memory.** Considering these findings, it is plausi-
ble that changes in the amygdala may contribute to the
manifestation of RBD symptoms, specifically through the
experience of emotionally charged dreams.

The relationship between amygdala atrophy, dopami-
nergic denervation, and nonmotor features including
olfactory dysfunction in this iRBD cohort is intriguing.
Evidence suggests that the amygdala is involved in the
initiation of REM sleep itself.*> Stimulation of dopami-
nergic projections from the ventral tegmental area (VTA)
and the subsequent increase in dopamine in the BLA
inhibit the D2-receptor (DRD2) expressing BLA neurons,
leading to a rapid transition to REM sleep.*> The DRD2-
expressing BLA neurons impact REM motor control by
activating GABAergic central amygdala neurons that sup-
press the key pontine cell groups.*** While iRBD in pro-
dromal Lewy body disorders has traditionally been
associated with lower brainstem pathology, these findings
shed new light on the role of dopaminergic signaling dis-
turbances in the amygdala. The BLA is also extensively
involved in olfactory processing: It receives dense projec-
tions from the CxA, which directly receives inputs from
the olfactory bulb,"” and has strong reciprocal connec-
tions with the posterior piriform cortex."® The central
nucleus of amygdala, which receives abundant informa-
tion from the basolateral complex, has rich connections
with autonomic centers.*” In this context, the co-
occurrence of iRBD, olfactory dysfunction, and auto-
nomic dysfunction in prodromal LBDs may be at least
partially explained by a shared anatomical mechanism
involving the amygdala. Our study demonstrates that
dopaminergic denervation of the amygdala tends to be
more pronounced in iRBD patients with olfactory dys-
function (iRBD-H/A) compared to controls, correlates
with urinary problems, and that progression of amygdala
atrophy is also faster in iRBD-H/A and phenoconverters
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than the RBD-normosmia group (iRBD-N) and noncon-
verters. These findings support the possibility that struc-
tural and functional changes in the brain regions
associated with the amygdala may play a crucial role in
the development of iRBD in prodromal LBDs.

Our data also reveal aberrant functional connectivity
between the olfactory cortex and multiple gray matter
clusters in iRBD. These changes correlate with subtle
motor impairments that precede overt parkinsonism, sug-
gesting that these olfactory-associated alterations in iRBD
are indeed linked to the pathophysiology of synucleinopa-
thy, not a product of chance or aging. To our knowledge,
this study is the first to present resting-state functional
connectivity data using olfactory regions as seeds in iRBD,
and it is also the first study with longitudinal follow-up.
Regarding the trajectory of olfactory cortical connectivity,
it is noteworthy that initially, multiple clusters with
reduced connectivity compared to controls were observed,
followed by the occurrence of new clusters with enhanced
connectivity over 4 years. While it should be noted that
increases in connectivity over time in this longitudinal
sample do not necessarily indicate hyperconnectivity com-
pared to controls, these temporal changes may indicate a
functional compensatory response that accompanies or
follows a progressive structural neurodegeneration. Addi-
tionally, the direction of gyrus rectus-related connectivity
changes exhibited an opposite pattern. The brain regions
involved in the olfactory pathway may structurally
undergo unidirectional atrophy during the evolution of
iRBD into LBD, but their individual changes in the brain
signaling system are more likely nonparallel, possibly
related to the sequential progression of pathology and
compensatory responses.

Our study has several limitations. First, since only two
iRBD patients converted to MSA, we were unable to com-
pare their characteristics to those of LBD converters.
Instead, we provided descriptive medical history and
information on olfactory-related atrophy. The second lim-
itation of our study pertains to the small sample size. As
a single-center multimodal imaging study, we encoun-
tered limitations in terms of the total number of patients
included in our analysis. The number of patients included
in the fMRI dataset was limited to about half, and the
number in the 4-year follow-up was further limited. A
larger longitudinal study will provide insights into the
evolution of functional network alterations in prodromal
LBDs. Additionally, iRBD patients who developed cogni-
tive decline and additional core clinical features of DLB
during follow-up, without definite ADL impairment, were
classified as DLB converters, as they were considered
more likely to have underlying DLB pathology over other
MCI syndromes. However, since the clinical significance
could be controversial due to the deferral of dementia
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documentation based on ADL performance, we also per-
formed a separate survival analysis excluding these DLB
converters with MCI (N = 2). The Kaplan—Meier curves
are shown in Fig. S7; the subgroups of patients with base-
line atrophy in the gyrus rectus (log-rank test,
p = 0.0021) and amygdala (p = 0.0053) still exhibited sig-
nificantly higher rates of phenoconversion than those
without baseline atrophy.

Conclusions

In conclusion, we have demonstrated the presence and
progression of significant atrophy in brain olfactory-
related structures in patients with iRBD, specifically in
the olfactory cortex, gyrus rectus, and amygdala. This
atrophy is clinically associated with various nonmotor
parkinsonian features, accompanied by aberrant brain
functional connectivity, and significantly predicts future
phenoconversion to overt synucleinopathy, particularly
LBDs, in this longitudinal cohort of iRBD. These early
structural and functional alterations in iRBD may indicate
the propagation of Lewy pathology along the olfactory
system during the premotor stages, which should be
worth investigated in a larger longitudinal cohort to con-
firm our findings.
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Supporting Information

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Figure S1. Participant flow of four-year follow-up 3T vol-
umetric MRI and resting-state functional MRI.

Figure S2. Comparison of baseline olfactory-related ROI
volumes and amygdala '*F-FP-CIT uptake between
healthy controls and iRBD subgroups stratified by the
presence of mild parkinsonian sign and olfactory
dysfunction.

Figure S3. Forest plot of combined Cox regression analy-
sis model including olfactory cortex atrophy and
hyposmia.

Figure S4. Kaplan-Meier curves showing disease-free sur-
in patients with iRBD, excluding two MSA
converters.

Figure S5. Clusters of aberrant olfactory-related func-
tional connectivity at baseline compared to controls, in
the 16 iRBD patients who scanned resting-state fMRI four
years later.

Figure S6. Four-year longitudinal changes of olfactory-
related functional connectivity in 16 iRBD patients.

vival

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.



K. A. Woo et al.

Figure S7. Kaplan-Meier curves showing disease-free sur-
vival in patients with iRBD, excluding two DLB con-
verters with MCIL

Table S1. Brain regions showing significant changes of
gray matter volume between iRBD and healthy controls.
Table S2. Cox regression analysis for each baseline pre-
dictor of phenoconversion in the longitudinal cohort
of iRBD.

Table S3. Cox regression analysis for each baseline pre-
dictor of phenoconversion in the longitudinal cohort of
iRBD, excluding MSA converter.

Brain Olfactory-Related Atrophy and iRBD

Table S4. Clusters with aberrant functional connectivity
in patients with iRBD compared to healthy controls.
Table S5. Clusters of aberrant olfactory-related functional
connectivity at baseline compared to controls, in the 16
iRBD patients who underwent resting-state fMRI four
years later.

Table S6. Clusters showing altered functional connectivity
at four-year follow-up fMRI compared to baseline fMRI
in 16 iRBD patients.
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